In optical firing sets, laser light is used to supply power to electronics (to charge capacitors, for example), to trigger electronics (such as vacuum switches), or in some cases, initiate explosives directly. Since MEMS devices combine electronics with electro-mechanical actuators, one can integrate safe and arm logic alongside the actuators to provide all functions in a single miniature package. We propose using MEMS-activated mirrors to make or break optical paths as part of the safe and arm architecture in an optical firing set. In the safe mode, a miniature (~1 mm diameter) mirror is oriented to prevent completion of the optical path. To arm the firing set, the MEMS mirrors are deflected into the proper orientation thereby completing the optical path required for system functionality (e.g., light from a miniature laser completes the path to an optically triggered switch). The optical properties (i.e. damage threshold, reflectivity, transmission, absorption and scatter) of the miniature mirrors are critical to this application. Since Si is a strong absorber at the wavelengths under consideration (800 to 1064 nm), high-reflectivity, high-damage-threshold, dielectric coatings must be applied to the MEMS devices. In this paper we present conceptual MEMS-activated mirror architectures for performing arming and safing functions in an optical firing set and report test data which shows that dielectric coatings applied to MEMS-mirrors can withstand the prerequisite laser pulse irradiance. The measured optical damage threshold of polysilicon membranes with high-reflectivity multilayer dielectric coatings is ~ 4 GW/cm 2 , clearly demonstrating the feasibility of using coated MEMS mirrors in firing sets.
INTRODUCTION
Over the past few years, there has been increasing interest and effort towards developing optical firing set technology, primarily to improve electrical safety. By replacing wires that carry electrical power and signals with fibers that carry optical power and signals, one can reduce the chance that stray electrical signals (from static discharge or lightning) will cause a firing set to unintentionally function. One key component in an optical firing set, at least from a safety point of view, is an optical switch that can be used to safe the firing set by preventing optical signals (or optical power) from completing their intended path. Two possible architectures for arming and safing an optical fireset are shown schematically in Figure 1 . One way to safe an optical firing set is to block an optical beam with an opaque shutter before it reaches a power-converting photocell, as illustrated in Figure 1a . This arrangement could also be used to block the beam to an optically activated switch inside the optical fireset. Alternatively, as shown in Figure 1b , one might use a moveable mirror to reflect a laser beam in order to complete an optical circuit required to arm a fireset (which is otherwise in the non-aligned or safe state).
We have been exploring some ways in which micro-electro-mechanical system (MEMS) technology might be used to safe optical firing sets. Microsystems provide unique opportunities for realizing safing concepts that require high precision, such as evanescent waveguides, total internal reflection switches, and miniature moveable mirrors. They also provide the opportunity to create safety devices that occupy very small volumes and can be integrated together with electronics needed for the arming and safing logic. The work discussed in this paper focuses on one aspect of Sandia's effort to determine the feasibility of using surface micromachined moving mirrors for arming and safing of optical firing sets: that of laser damage to coated MEMS mirrors.
Micro-optical-electromechanical system technology (MOEMS) is a rapidly evolving field. Already there has been quite a bit of work on movable mirror technology for optical switching [1] [2] [3] [4] [5] (primarily switching and multiplexing for communications systems), tunable Fabry-Perot filters 6, 7 (for wavelength division multiplexing), and for projection displays. Perhaps the most visibly successful implementation of optical MEMS to date has been Texas Instruments' DLP™ technology used for projection displays 8, 9 .
For most MEMS optical switching applications, high reflectivity mirrors are critical both for high throughput (efficiency) and to avoid unwanted heat deposition due to optical absorption. In low power operation, the Si or polysilicon mirrors can be coated with an evaporated layer of Al, Au, Ag, or other metals, depending on the operating wavelength of the device, to achieve satisfactory reflectivity and absorption 10, 11 . On the other hand, for applications for firing sets that use relatively high power quasi-CW beams (~Watts) or high-peak-irradiance pulsed laser beams (~GW/cm 2 ), even small amounts of absorption can result in significant heat generation leading to single-shot catastrophic failure of the mirror. Since MEMS devices are very small, thin, and are not very massive, they are not effective heat sinks. For these applications, a simple metallic coating is inadequate and a low-loss multilayer dielectric mirror coating is required [12] [13] [14] .
Both of the arm and safe concepts illustrated in Figure 1 require highly reflective low-loss mirrors. In designs that use a shutter to block the laser beam (Figure 1a) , it is prudent to reflect the incident power (or pulse energy) into a properly designed beam dump (or heat sink) instead of trying to absorb the power (or pulse energy) in the small volume of the MEMS-scale shutter. Failure of the shutter would result in failure to safe the firing set. For the reflector concept (Figure 1b) , failure of the mirror will cause the system to lose functionality (i.e. fail to arm or fire). The need for extremely reliable MEMS mirrors capable of efficiently reflecting laser light and surviving short-pulse Q-switched lasers were driving factors in conducting these laboratory laser damage test measurements on dielectric-coated polysilicon substrates (representative of modern MEMS devices). The tests described in the remainder of this paper were meant to answer the question of whether or not high reflectivity multilayer dielectric mirror coatings on polysilicon can withstand reasonably high irradiance (~ GW/cm 2 ) from short pulse Q-switched lasers that may be used in miniature optical firing sets. The answer is yes. 
DAMAGE TEST SETUP AND RESULTS
The device under test (DUT), a standard Sandia MEMS structure produced using Sandia's Ultra-planar Multi-level MEMS Technology (SUMMiT V) 17 , is shown in Figure 2 . The central disk, seen in the figure, is a 1.6-mm-diameter, 13.3-µm-thick, polysilicon circular gear that served as the high reflectivity mirror substrate. The dots that appear in this central disk are shallow dimples that are an artifact of the way the top two polysilicon layers are joined together. Also, there are 2 x 2 µm holes spaced 25 µm apart on the surface of the disk that are needed to facilitate etch release of the gear from the underlying substrate. These etch-release holes, which represent about 0.6% of the total mirror surface area, are much smaller than the damage test laser spot size and are not expected to affect the optical damage threshold measurement significantly. Four of these MEMS devices were coated and four were left uncoated. Damage tests were conducted on both the coated and bare polysilicon parts so their respective laser damage thresholds could be measured and compared.
Coating of the MEMS devices was performed at the US Air Force Research Lab (AFRL/DESE) Optical Coating Engineering Lab (OCEL). The coating was deposited by reactive DC magnetron sputtering using sputtering targets of pure Zr and boron-doped Si. The coating consisted of 25 alternating layers of ZrO 2 /SiO 2 . Each layer was a λ/4 thick as measured at 1.064 µm. The coating transformed the gear portion of the MEMS device into a multilayer dielectric high-reflectivity mirror with the following optical properties, as measured at 1.064 µm: R normal = 99.97%; n ZrO2 = 2.12; n SiO2 = 1.46. A plot of the spectral reflectance for a typical ZrO 2 /SiO 2 dielectric highly reflective (HR) coating is shown in Figure 3 .
Due to schedule constraints and funding limitations, an existing high reflectivity dielectric coating design (described above) was used and applied to the MEMS structure. The coating was not designed to minimize stress. Consequently the coating caused severe bowing of the thin (~13-µm-thick) gear structure. (It is interesting to note that the coating is nearly as thick as the substrate.) Most of the coated gears eventually ruptured due to the stress of the coating. Nevertheless, laser damage tests were still successfully conducted, even on the ruptured gears, by using a small (~30-µm-diameter) damage test laser beam and avoiding probing near the edges of the gears. It is worth noting that even simple, thin metallic coatings are sensitive to temperature changes and can cause warping of thin MEMS structures. The temperature sensitivity is due to differences in the coefficients of thermal expansion between the coating and the substrate 16 . Multilayer metal 10 or multilayer dielectric coatings can be designed for low stress 15 , optically flat MEMS mirror 14 , including temperature insensitive coatings 13 . If this work is continued, Sandia could design an optimized MEMS mirror substrate and OCEL could design and deposit a high-damage-threshold, low-stress, multilayer dielectric coating that would result in an optically flat MEMS mirror. A schematic diagram of the optical setup used to conduct the laser damage tests on the MEMS mirrors is shown in Figure 4 . The damage test laser is a diode-pumped passively Q-switched Cr:Nd:GSGG microlaser 18 . A 200-mm-focallength lens is used to collimate the microlaser output to ~1 mm in diameter (1/e 2 intensity). An uncoated fused silica wedge (W1) is used to reflect a small fraction of the beam to a Hamamatsu model R1193U-01 phototube. The output of the phototube is recorded on an oscilloscope and is used to measure the laser pulse intensity and pulse width. The test laser beam passes through another uncoated fused silica wedge (W2) and a laser beam attenuator consisting of a λ/2 waveplate followed by a linear polarizer. By rotating the λ/2 waveplate, a continuously variable attenuation of the linearly polarized micro-laser beam is achieved. The attenuated beam reflects off the dichroic mirror (high reflector at 1064 nm at 45° angle of incidence) and is focused onto the DUT using one of two focusing lenses: a 50-mm and a 25-mm focal length lens producing focal spot diameters of 60 and 30 µm (1/e 2 intensity), respectively. A HeNe laser is used for visual alignment of the setup. The HeNe reflects from the backside of uncoated fused silica wedge W2 and is co-aligned with the damage laser beam. A Hamamatsu model R406 photomultiplier tube (PMT) is used to monitor the broadband light emission from the DUT that is indicative of optical breakdown 19 . The PMT views the DUT though the dichroic mirror which rejects 1061-nm microlaser light. Two additional laser line rejection filters (a high reflectivity mirror at 1064 nm at 0° angle of incidence and a short-pass filter with 940 nm turn-on)were used in front of the PMT to ensure that no scattered 1061-nm light reached the PMT. A digital oscilloscope (Tektronix model TDS684-C with 1 GHz frequency response and 5 GHz sampling rate) was used to view and record the input laser pulse (from the phototube detector) and the white light emission from optical breakdown (from the PMT). . A waveplate and polarizer are used to provide continuously adjustable attenuation of the beam before it is sent to a focusing lens and onto the DUT. A phototube is used to detect the Q-switched laser pulse and a PMT is used to detect broadband light which is emitted when optical breakdown occurs at the DUT. A HeNe laser is used to facilitate alignment.
The damage laser beam was generated by a diode-laserpumped passively Q-switched Cr:Nd:GSGG microlaser, a laser that we have been developing for possible use in optical firing set applications 18 . This microlaser is well suited for laser damage testing because of its excellent beam quality, its short pulse length, and its quasi-singlelongitudinal-mode output. Figure 5 shows a typical waveform for the Q-switched microlaser output which consists of a primary high-intensity short-duration pulse with ~1.3 ns width (FWHM) followed by a lowintensity, longer after-pulse. The shape of the first pulse, while not symmetrical, is consistent and reproducible shot-to-shot. The after-pulse contains <23% of the total pulse energy.
The Cr:Nd:GSGG microlaser operates at 1061 nm and has predominantly single-longitudinal mode output. Due to the short (~1 cm) laser cavity length and spatial hole burning in the Cr 4+ :YAG saturable absorber Q-switch, the first pulse is a single longitudinal mode and the afterpulse is a second longitudinal mode. The after-pulse is a result of spatial hole burning in the Cr:Nd:GSGG gain medium and is a common (and generally undesired) feature of Nd:YAG and Cr:Nd:GSGG passively Q-switched microlasers. We measured the optical frequency content of the microlaser output pulses with a 3-mm-thick solid fused-silica Fabry-Perot etalon and a CCD and observed two sets of fringes corresponding to two longitudinal modes. One set of fringes was strong in intensity and other set was much weaker in intensity, consistent with a single mode for the first pulse and another mode for the after-pulse. (The ratio of energy in the first pulse to energy in the second pulse is about 3:1.) Unfortunately, the CCD does not have the temporal resolution to resolve this issue unambiguously. Using a single-frequency laser for optical damage testing is important in order to provide a temporally smooth irradiance profile to the test DUT 19 . The optical damage to the coating is most likely initiated by an electron avalanche 19, 20 , and, as a result, actually has an irradiance (power per unit area) threshold, not a fluence (energy per unit area) threshold. In a multimode laser, mode beating produces high-frequency modulation and much higher peak irradiance on the DUT, with random shot-to-shot variation in peak irradiance.
For these laser damage tests, the Cr:Nd:GSGG microlaser was adjusted to produce a maximum energy of ~85 µJ/pulse delivered to the DUT. The microlaser was operated in single-shot mode for the damage testing and at low repetition rate (5 Hz) for alignment of the optical system. We used a CCD-camera-based beam profiling system and a 5X magnification imaging system to measure the focal spot sizes and verify that the intensity distribution of the probe laser beam was gaussian. The optical system was a (Keplerian) telescope with 5:1 magnification. The CCD image plane was located at the back focal plane of one of the lenses and the object location was located at the front focal plane of the second lens and the lenses were separated by the sum of their focal lengths. The magnification of our imaging system was measured using a standard USAF resolution target as a test image. The CCD camera system is fully digital (i.e. no frame grabber to distort the effective pixel size) and has 4.65-µm square pixels. The measured system magnification was M = 5.01. With 5X optical magnification, there were over 30 pixels to cover the 30-µm-diameter focused beam and the measured beam profile data fit a gaussian distribution very well.
The optical damage threshold that we measured in these tests is a multi-shot damage threshold defined as the minimum laser energy required to damage the surface of the DUT in N or fewer laser shots. Our criterion for optical damage was observation of the emission of broadband light from the damaged spot, emitted from the plasma formed after breakdown 19 . In practice, we measured the threshold as the highest energy at which the DUT was not damaged by any of 20 consecutive pulses. At any higher energy, the DUT was damaged. Although the 20-shot sample size is somewhat arbitrary, it is a reasonable compromise between the needs of statistical sampling and the limited sample area that we had available for testing. In practice, we found that the damage threshold was quite sharp (essentially within the uncertainty of the pulse energy measurement) and the 20-shot sample size was adequate for finding a precise threshold. The sharp damage threshold is further evidence that the laser damage test beam is single frequency (at least each of the two pulses is a single frequency). Multimode lasers tend to produce a wider distribution near the damage threshold because of large shot-to-shot variation in irradiance due to mode beating 21 .
The following section describes our test procedure for determining the optical damage threshold of the mirrors and uncoated substrates: 1. In each case the DUT (like that illustrated in Figure 2 ) was attached to the face of a 1-inch-diameter aluminum plug held in a mirror mount that was used as a tip-tilt table. The mirror mount was adjusted to ensure the plane of the DUT was perpendicular to the damage test laser beam. The DUT-holder assembly was mounted on a 3-axis translation stage to allow x-y positioning and focus of the DUT with respect to the focused laser beam. Each DUT was inspected under a microscope for signs of contamination before the test. None of the DUTs required any cleaning before testing. We did not inspect the DUTs for contamination during any of the testing. 2. The best focus of the system (for each of the two focus lenses) was found by placing a blank Si wafer piece (the same thickness as the MEMS device holding the mirror substrate) in the DUT location and translating it through the Q-switched laser beam focus to find the z position that maximized the light output from the laser-induced breakdown. This procedure was performed only when the focusing lens was changed. 3. Each DUT was initially positioned so that the focused beam was near one edge of the circular coated membrane.
After a particular spot was damaged, the mirror was translated 0.35 mm so that a new spot could be tested. This distance is somewhat arbitrary, but was chosen to reduce the chance that optical damage at one location could affect the damage threshold of the adjacent test location. We did not inspect the DUT during the test to see if any debris from a previously damaged spot had fallen near the new test location. In any future testing, we would recommend building a video microscope into the apparatus so that the surface of the DUT could be inspected to ensure that it was extremely clean. When we inspected the DUT under a microscope after the entire test, we did not see any evidence of significant debris from the laser damaged spots. 4. Prior to exposure, the λ/2 waveplate of the attenuator was rotated to deliver a pre-determined amount energy to the DUT. The incident laser energy was measured just before the final turning mirror using a Coherent 3-Sigma meter with a pyroelectric detector head. Since the mirror was high reflectivity (>99%) and the lens was anti-reflection coated near 1061 nm, we did not correct the energy readings for these small losses. 5. At each new test location on the DUT, we fired the microlaser one shot at a time and watched the PMT output (which monitored the white light output from the DUT) for evidence of optical breakdown. If no breakdown was observed, another shot was fired at the same laser energy and the same location. This sequence was repeated until either the DUT was damaged or 20 shots were fired at the same location without damage, whichever came first. 6. We repeated steps 3 through 5 of this procedure on new spatial locations on the DUT at higher and lower energies until we were confident that we had determined the maximum energy at which no breakdown events occurred during a series of 20 consecutive shots. A single laser energy was used at each test location on a DUT. Each test location was, in general, tested at a different laser energy.
Throughout the laser damage testing, we periodically used the energy meter to measure the mean, maximum, minimum, and standard deviation of the energy in a 50-shot series of pulses. The typical shot-to-shot standard deviation was 0.3 to 0.4 µJ which corresponds to about 1% of the energy needed to damage the dielectric coating.
Using the procedure described above, we measured the optical damage threshold of both uncoated polysilicon membranes and membranes with the multilayer dielectric high reflector coating. A photograph of a typical laserinduced damage spot on the coated polysilicon is shown in Figure 6 . In the example shown in the photo, a 30-µm-diameter probe beam with pulse energy > 33 µJ was used. The rectangular features in the image are dimples in the polysilicon surface that result from the way the top two layers in the MEMS assembly are anchored together. These features are visible in the photograph because the coating is partially transparent to visible light. Figure 7 shows a plot of the probability of damage vs. the incident laser pulse energy. Due to the limited sample area available, we assigned only two values of damage probability in the plot: if a DUT did not damage after 20 consecutive pulses at a given energy, the probability of damage was assigned 0%; if a DUT was damaged before 20 shots, the probability of damage was assigned 100%. For the coated membrane, the lowest energy which caused no damage (after 20 consecutive shots) was 33.2 ± 0.4 µJ. The difference in energy between 0% and 100% probability of damage is 0.6 µJ, 1.5 times the shot-to-shot uncertainty in the laser energy. Based on the recorded temporal profile, measured laser spot size of 30 µm (1/e 2 diameter), and its measured gaussian profile, the damage threshold on the coated MEMS mirror is 4.1 ± 0.1 GW/cm 2 . We computed the irradiance vs. time (shown in Figure 5 ) by integrating the temporal pulse shape recorded by the 1-GHz digital oscilloscope and normalized by the measured pulse energy and laser spot area derived from the spot size measurement. The irradiance profile shown in Figure 5 takes into account the nuances of the pulse shape and the existence of the after-pulse.
Other potential sources of error (or uncertainty) in the computed irradiance values are the measurement of the beam spot size and possible focusing errors (which would result in a spot size on the DUT greater than the measured beam waist size). The Rayleigh range for a 30-µm-diameter gaussian focal spot (λ = 1061 nm) is z R = 600 µm, and a focusing error of as much as ±60 µm from the beam waist would only result in an increase of beam area of <1%. Our control of the focusing of the probe beam on DUT was better than this, and, as a result we believe focus errors contribute only small additional uncertainty to the peak irradiance values. Possible errors in the beam waist measurement are harder to estimate. We carefully calibrated the magnification of the beam profiling system using a USAF resolution target. Any aberrations in the imaging system would only make the spot size appear larger, not smaller than the true value, so the calculated irradiance would be smaller.
The measured optical damage threshold for the uncoated polysilicon substrate is 1.0 ± 0.1 GW/cm 2 . Clearly, the highreflectivity coating on the polysilicon substantially increased its laser damage threshold (by a factor of 4 in this test). It is interesting to note that the bare polysilicon is fairly robust against pulsed laser damage. This may be an important consideration in the feasibility of using MEMS in optical firing sets since unintentionally reflected or scattered laser light could damage adjacent electronic or electro-mechanical components on the MEMS device. 
SUMMARY
We measured the optical damage threshold of a high-reflectivity multilayer dielectric mirror coating on a ~13-µm-thick polysilicon MEMS substrate to be 4.1 ± 0.1 GW/cm 2 at 1061 nm. Although the measured value is lower than state-ofthe-art high-damage-threshold laser mirror coatings deposited on fused silica, this test clearly demonstrates the feasibility of using MEMS mirrors to reliably reflect reasonable amounts of Q-switched laser light in a MEMS switch for some optical firing set applications. For example, a 1-mm-dia mirror could reflect a 10-mJ nanosecond pulsed gaussian beam (0.6 mm 1/e 2 diameter) without exceeding the damage threshold of the coating/substrate tested here.
Many of the envisioned optical firing set applications may only require 1 mJ or much less energy in nanosecond-long pulses. And even with generous safety margins, the irradiance-handling capability of these coatings is more than adequate to meet optical firing set demands. Also, the polysilicon substrate and multilayer dielectric coating could be optimized to have even higher optical damage threshold and at the same time maintain a flat mirror surface by engineering the stress in the coating 15 . Finally, it is reasonable to design flat, coated mirrors larger than 1 mm in diameter 14 or use a laser beam with a top-hat profile in order to handle even higher energy laser pulses, if necessary.
There are many factors that determine feasibility of using MEMS mirrors in optical firing sets in addition to the laser damage threshold of the mirror coatings. Other factors such as the mirror flatness, excessive stress in the coatings, laser damage resistance of adjacent MEMS structures, and the manufacturability of an integrated system need to be addressed. Integrating the different manufacturing processes required to produce a dielectric mirror on the surface of a micromachined device is a daunting task. For example, the question of whether the coating is best applied in a postprocessing step or integrated with the micromanufacturing operation must be analyzed and answered. In the former case, internal stresses created during device fabrication must be considered. In the latter, the chemicals which release the microdevice must not also etch the dielectric material. System design considerations must also be addressed. Sometimes it is more convenient to design the microsystem so that reflection occurs in the plane of the die, instead of orthogonal to the device die. This type of system would require coating the sidewalls of the structure, likely requiring a modification of the coating process. And finally, any system design must include a scattered light analysis to determine the probability of any scattered or reflected laser light (whether intentional or unintentional) striking and potentially damaging small MEMS parts or adjacent electronic circuits. At first glance, it appears that the adjacent micromechanical parts may be reasonably robust to scattered laser light, since the measured laser damage threshold of the uncoated polysilicon ~1 GW/cm 2 . However, a detailed scattered light analysis needs to be conducted as part of an overall system risk reduction effort
In summary, we have demonstrated that MEMS mirrors with high-reflectivity multilayer dielectric coatings can withstand reasonably high laser irradiance (~4 GW/cm 2 ) from short-pulse Q-switch lasers, and, as a result, can be considered for MEMS-based arming and safing applications using such lasers. In the future, the mirror substrates and coatings can be optimized individually or together to provide even higher damage threshold. The practicality of using MEMS mirrors in optical firing sets may be determined by other factors not studied in this work, but should not be fundamentally limited by the optical coatings deposited on the MEMS mirrors.
